Abstract Pseudo-spark switch (PSS) is one of the most widely used discharge switches for pulse power technology. It has many special characteristics such as reliability in a wide voltage range, small delay time, as well as small delay jitter. In this paper, the measuring method for the initial plasma of ZnO surface flashover triggering device of PSS is studied and the results of the measurement show that the electron emission charge is mainly influenced by trigger voltage, gas pressure and DC bias voltage. When the bias voltage increases from 2 kV to 6 kV with the gap distance fixed at 3 mm, the electron emission charge changes from 2 µC to about 6 µC. When the gap distance changes from 3 mm to 5 mm with the bias voltage fixed at 2 kV, the electron emission charge increases from 1.5 µC to 2.5 µC. When the gap distance is 4 mm, the hold-off voltage of PSS is 45 kV at gas pressure of 2 Pa, the minimum operating voltage is less than 1 kV. So, the operating scope is from 2.22% to 99% of its self-breakdown voltage. The discharging delay time decreases from 450 ns to 150 ns when the trigger pulse voltage is 1 kV and the discharging voltage is changed from 1 kV to 12 kV. When the trigger pulse voltage is 6 kV, the discharging delay time is less than 100 ns and changes from 100 ns to 50 ns, and the delay jitters are less than 30 ns.
Introduction
Pseudo-spark discharge is a fast-current low-pressure gas discharge, with a breakdown voltage behavior characterized by the left branch of a function similar to Paschens law [1, 2] . It is one of the most widely used in pulsed power system. Triggering characteristics, particularly triggering delay time and jitter, are severely influenced by the initial plasma produced by triggering device and trigger pulse technology [3] , they are the important parameters of PSS. In many industrial applications of switches, the operating range of the discharge must be ensured to cover a very large range of charging voltage e.g., from 1% to 99% of their self-breakdown voltage.
In order to enhance its performance, different methods are used to trigger the PSS, including surface flashover trigger, pulsed glow discharging trigger, corona discharge trigger and ultraviolet radiation trigger etc [4−7] . Each method has its advantages, one of them, the method based upon the surface flashover, stands out by its simple structure and low jitter value of only a few nanoseconds. The conventional trigger material is organic film. Since a carbon trace is formed after multiple times of pulsed discharging, the life time of the trigger is shortened. Gortler [8] had studied the erosion characteristics of different ceramics, the experimental results showed that CaTiO 3 material exhibits lower erosion rate which can prolong the lifetime of the PSS. Yao et al. [9] designed a ZnO semiconductor surface flashover trigger device and the experimental results showed that the ZnO flashover trigger device has excellent electron emission capability. In this paper, the experimental setups of the trigger system are built, the test method for measuring the initial plasma is presented, and the characteristics of the flashover trigger device made from ZnO dielectric material are investigated.
The experimental setup
The flashover pseudo-spark switch and the experimental circuit are shown in Fig. 1 .
In Fig. 1 , PSS consists of a hollow anode (or collecting electrode), hollow cathode, trigger electrode and surface flashover triggering device. The surface flashover trigger device consists of a surface flashover material (dielectric material) and two trigger electrodes. The surface flashover material is a ZnO disk of approximately 20 mm in diameter and 1 mm in thickness. At both ends of the disk, aluminum plating or silver plating is designed to weld the trigger electrodes which are connected to the trigger voltage U tr . The surface flashover trigger device is fixed at a distance of 15 mm from the inner hole of the hollow cathode (the inner diameter of hollow electrodes of the PSS switch is 33 mm and the depth is 30 mm). The environment in which the PSS is operated has air pressure ranging from 1 Pa to 100 Pa. The anode electrode is connected to a DC high voltage (HV), whose amplitude can be adjusted from 1 kV to 50 kV, and the cathode is grounded directly, the trigger electrode is connected to the trigger voltage U tr . When U tr is applied on the trigger electrode of surface flashover trigger device, the initial plasma will be produced and the electron emission charge from the surface of the ZnO disk will be collected on the anode electrode, and the emission charge is measured by a specialized sensor which has a capacitor C of 1000 pF and a non-inductive resistor R of 1.4 Ω connected in series. At the same time, a DC bias voltage U B is applied to the anode through a large bias resistor R B of 1 MΩ. The capacitor C has two functions: one is to couple the initial plasma to resistor R, and the other is to prevent U B from influencing the plasma collecting circuit.
The gap distance between the anode and cathode can be adjusted from 3 mm to 5 mm. All experiments are performed at a gas pressure of 6.5 Pa, which is maintained by a rotary-vane vacuum pump.
When the emission electrons arrive at the anode, they are coupled to the resistor R through the capacitor C. The electron emission current i e is formed when they are transported through the resistor R, thus the collecting electron charge Q e can be calculated by the following formula:
3 The measurement of collecting electron charge
The trigger characteristics of PSS are mainly decided by the collecting electron charge provided by the surface flashover trigger device. When the trigger pulse is applied, due to the high electric field at the interface of the metal-vacuum-dielectric (MVD), the field emission is started and the initial plasma is formed. The initial plasma is accelerated by the applied electrical field and acquires enough energy to collide the surface of the dielectric material, then the secondary electron emission takes place and more electrons can be produced. At the same time, the residual positive charges are left which make the surface of the dielectric material present positive. The above course goes on and develops into secondary electron collapse, which moves to the anode under the applied electrical field, so large positive charges are accumulated on the surface of the dielectric material. The continuous collision helps the adsorbed gas molecules on the dielectric material to get enough energy to become free or ionized molecules, and then move to the anode. Due to a great amount of positive charges on the surface of dielectric material around the cathode, the local electrical field is boosted up sharply which lead to the initial electrons emission, and the secondary electron emission and the gas ionizations are all enhanced accordingly, and finally the surface flashover of dielectric material is formed [10] . Base on the theory of surface flashover, it is well known that the collecting electron charge is mainly influenced by such factors as DC bias voltage U B , air pressure p, gap distance D gap , U tr and surface flashover trigger material.
The collecting electrons formed by initial plasma
The trigger pulse is produced by high voltage trigger circuit, as shown in Fig. 2(a) . In the figure S 1 is the charge control switch, T 1 is the voltage regulator, T 2 is the transformer, D is the rectification diode, R 0 is the charging protection resistor, S 2 is the discharging switch, C 1 and C 2 are the waveform forming capacitors, R 1 and R 2 are the waveform forming resistors, PSS is the tested sample, the serially connected C and R is a specialized sensor (as shown in Fig. 1 ), the emission current is monitored and recorded by a Tektronix oscilloscope TDS2022.
The trigger pulse waveform is shown in Fig. 2(b) . The front time T 1 and half-value time T 2 are 1.2 µs and 50 µs, respectively. The front time T 1 is defined according to IEC 60060-1 to be 1.67× (t90 -t30), where t90 and t30 are the 90% and 30% points on the leading edge of the waveform; and the time to half-value, T 2, is defined as the time between the virtual origin and the 50% point on the tail. The virtual origin is the point where a straight line, drawn through the 30% and 90% points on the leading edge of the waveform, intersects the U = 0 line.
The emission current, i e , produced by the initial plasma is shown in Fig. 2(c) , where the experiment condition is U tr = 6 kV (shown in Fig. 2(b) ) and U B = 0. It is known that the collecting electron charge Q e and expanding velocity of the initial plasma are affected by U tr and D gap . When p is 6.5 Pa, U B is zero and the length of the surface flashover trigger channel is 0.8 mm, the characteristics of Q e are shown in Fig. 3 . From Fig. 3 , it can be seen that Q e increases with the increase of U tr and the decrease of D gap , these experimental results can be explained as follows: Fig.3 The relation between emission charge and trigger voltage a. With the increase of U tr , more electrons can be emitted from the surface of the dielectric material, and the initial emission velocity and energy of electrons are also higher, more electrons can arrive at the anode (or collecting electrode), so Q e will increase accordingly.
b. With zero bias voltage U B , no electric field is applied, secondary electron collision causes the kinetic energy of the electrons to lose, therefore the effective collision decreases. With increasing D gap , the electrons with lower energy can't arrive at the collecting electrode, so Q e decreases.
Influence of DC bias voltage U B on electron emission charge Q e
The Q e and expanding velocity of the initial plasma are also affected by U B . When p is 6.5 Pa, U tr is 5 kV and D gap is 0.8 mm, the characteristics of Q e are shown in Fig. 4 . Fig.4 The relation between electron emission charge and bias voltage From Fig. 4 , it can be seen that Q e increases with the increase of U B . When D gap is 5 mm and U B increases from 2 kV to 6 kV, Q e increases from 2.5 µC to 6.5 µC. When U B is 2 kV and D gap changes from 3 mm to 5 mm, Q e increases from 1.5 µC to 2.5 µC. The following explanations can support the experimental results:
a. With the same U tr and D gap , the initial plasma of the surface flashover trigger device is fixed. With the increase of U B , the electric field is enhanced and more electrons can get enough energy and be attracted more strongly to the collecting electrode.
b. With the increase of D gap , the gas molecules increase in amount, so the number of secondary electron collision increases which makes the probability of effective electron collision increase accordingly. On the other hand, with the increase of D gap , the applied electric field decreases, the ionization coefficient decreases, which leads to the decrease of the secondary electrons. These two processes take place simultaneously, but the first process is dominant under the present experimental condition, so Q e increases.
3.4 Influence of gas pressure p on collecting electron charge Q e
The gas pressure p not only influences the selfbreakdown voltage of PSS, but also significantly influences Q e . The relation curve between Q e and p is shown in Fig. 5 (The experimental conditions are: D gap = 3 mm, U B = 1.6 kV, U tr = 5 kV and the length of the surface flashover channel is 0.8 mm).
From Fig. 5 , it can be seen that Q e increases with the increase of p. The reason is that with the increase of p, more gas molecules are presented, and more ionization is generated by more electron collision with molecules, more electrons can be produced and Q e increases accordingly. Fig.5 The relation between emission charge and gas pressure
The characteristics of PSS
In this section, the surface flashover trigger characteristics of the surface flashover trigger device are investigated, as well as the discharge delay time and jitters of PSS.
The experimental circuit
The experimental circuit of PSS is shown in Fig. 6 , where S1 is the charging control switch, T1 is the voltage regulator, T2 is the transformer, D is the rectification diode, R 0 is the charging protection resistor, C (3 µF/50 kV) is a storage capacitor, L and R are equivalent inductance and resistance of the test circuit, respectively, PSS is the tested sample and is also the main switch of the experimental circuit. U tr is the high trigger voltage (as shown in Fig. 2(b) ) applied between the trigger and the cathode electrodes. Coil is the current sensor. The charging voltage of capacitance and the trigger voltage are measured by HV probe Tektronix P6015, and the main discharging current by Rogowski coil with sensitivity of 1 kA/V and Tektronix TDS2022. 
The trigger characteristics of PSS

The self-breakdown characteristics
The self-breakdown characteristics of PSS refer to the relation between self-breakdown voltage and many factors (including gas pressure p, gap distance D gap and so on). When the electrode thickness is fixed at 5 mm, both the hole diameter and the gap distance D gap are 4 mm, the self-breakdown characteristics of PSS are shown in Fig.7(a) . When the gas pressure p is larger than 24 Pa, the glow discharging phenomenon appears; when the gas pressure is less than 2 Pa, the self-breakdown voltage gets stabilized at around 45 kV. Fig.7 The self-breakdown characteristics Another important performance is the voltage drop which directly describes the closing speed of PSS. It is defined as the time between the points of 90% and 10% of the self-breakdown voltage (as shown in Fig. 7(b) ). The voltage drop curve is shown in Fig. 7(c) .
From Fig. 7 , it can be seen that with the decrease of the gas pressure p the self-breakdown voltage increases and the voltage drop time shortens, which can be explained as follows.
a. With a decrease of gas pressure p, the selfbreakdown voltage increases. The main cause is that PSS operates at the left branch of Paschens law, when the gas pressure p decreases, the gas molecules decrease, the secondary electron emission and the ionization weaken simultaneously. Therefore, the applied voltage must be increased to produce a certain amount of plasma to achieve PSS breakdown.
b. With an increase of the applied voltage, the voltage drop time shortens. The main cause for this is that while the applied voltage increases, the electric field increases, the secondary electron emission and the ionization are enhanced, which makes the expanding velocity of electrons increase.
The discharging delay and jitter
When the trigger voltage U tr is applied, the surface flashover breakdown takes place, and the ionization caused by surface flashover discharging causes the PSS to break down and thus the discharging current begins to rise. The discharging delay τ d is defined as the time between the point where the trigger voltage U tr begins to drop and the point where discharging current begins to rise, as shown in Fig. 8 .
The discharging speed can be characterized by discharging delay τ d , and the discharging stability of the PSS discharging can be characterized by the delay jitter τ j , which is the maximum dispersion of discharging delay and the average of the discharging delay. Fig. 9 shows the trigger characteristics of discharging delay τ d (the average value of twenty experimental data at every discharging voltage) and delay jitter τ j . The results in Fig. 9(a) It is shown in Fig. 9 that the discharging delay τ d and jitter τ j are significantly influenced by trigger voltage U tr and discharging voltage. When the trigger voltage U tr increases from 1 kV to 6 kV and the discharging voltage is 1 kV, the discharging delay τ d and jitter τ j change from 450 ns to 90 ns and from 135 ns to 30 ns, respectively. When the discharging voltage increases, the discharging delay τ d and jitter τ j shorten drastically. But raising the discharging voltage continuously, the discharging delay τ d and jitter τ j get stabilized at certain values. All experimental results can be explained as follows:
a. Using the same trigger device and trigger voltage U tr , the electron emission capacity is determined. With the increase of discharging voltage, the electric field gets enhanced, the expanding speed of electrons is accelerated, so the discharging delay τ d is shortened.
b. When the discharging voltage U tr is fixed, with increase of the trigger voltage U tr , more initial plasma can be emitted and the initial expanding speed is increased, which can shorten the time for the electrons to expand from the cathode to the anode.
c. With the increase of the electron emission charge and expanding speed of the initial plasma, the expanding time of the electrons and its dispersion are reduced under the same operating condition. Fig.9 The discharging delay and jitter
Conclusion
In the present paper, the measuring method of the initial plasma is designed, and the characteristics of trigger device of PSS are studied. It was found that the electron emission capacity of ZnO surface flashover trigger device and the trigger characteristics of PSS can be influenced by many factors, including U tr , U B and p of PSS. The main experimental results are reported as follows:
a. When U B increases from 2 kV to 6 kV with D gap fixed at 3 mm, Q e changes from 2 µC to about 6 µC. When D gap changes from 3 mm to 5 mm with U B fixed at 2 kV, Q e increases from 1.5 µC to 2.5 µC. When U B increases, Q e is enhanced drastically.
b. When p is 6.5 Pa, the self-breakdown voltage is about 34 kV. With U tr at 6 kV, the discharging delay t d shortens from 100 ns to 50 ns and the delay jitter t j changes from 30 ns to 10 ns, while discharging voltage increases from 1 kV to 12 kV.
